The initiation of sporulation in
The Bacillus anthracis exotoxins play a central role in the pathogenesis of this organism. The protective antigen, in association with either lethal factor or edema factor, can cause lethality and edema, respectively, to infected hosts (3, 5, 25, 26, 45) . Lately it has become evident that the production of these toxins is under control of the pathway regulating sporulation initiation (39) . In fact, AtxA, an essential activator of toxin gene transcription, is negatively regulated by the transition phase regulator AbrB, whose transcription is, in turn, regulated by the Spo0A response regulator. Spo0A is the master regulator of sporulation initiation and the final acceptor of activating phosphoryl groups in the phosphorelay signal transduction pathway that regulates the initiation of the developmental process, as it has been well characterized in Bacillus subtilis (13, 37) . In this organism, five histidine sensor kinases may provide the phosphoryl group inputs into the system by autophosphorylating on a histidine residue in response to activating signals; this event is followed by transfer of the phosphoryl group to the intermediate response regulator Spo0F (17, 18, 20) . From Spo0F the phosphoryl group is transferred to Spo0A through the Spo0B phosphotransferase (7) . Once activated by phosphorylation, Spo0A promotes directly or indirectly the transcription of a myriad of genes required for sporulation while it represses genes whose products are not necessary during development (3, 4, 27, 44) . Negative inputs into the phosphorelay are provided by aspartyl phosphate phosphatases that specifically dephosphorylate the Spo0F response regulator (Rap proteins) or the Spo0A transcription factor (Spo0E proteins) (31, 32) . The Spo0F, Spo0B, and Spo0A proteins of B. subtilis are essentially identical to their counterparts in B. anthracis, indicating that the phosphorelay pathway is functionally identical in controlling sporulation initiation in the two organisms (42) .
Recently, we have identified nine genes in the B. anthracis genome whose products may function as sporulation histidine sensor kinases (6) . Furthermore, we have characterized two of the six Rap proteins of B. anthracis as aspartyl phosphate phosphatases of Spo0F with a possible role in the pathogenesis of this organism (5) . Here we report the characterization of the Spo0E family of proteins and their role in negatively regulating the sporulation pathway of B. anthracis. markers; pJM115 (30) , a transcriptional lacZ fusion vector conferring kanamycin resistance and integrating by double crossover at the amyE locus of the B. subtilis chromosome; pTCVlac (38) , a transcriptional lacZ fusion vector that replicates in E. coli and B. anthracis and confers resistance to kanamycin.
The BA1877, BA0046, BA2416, and BAYisI coding sequences and their promoter regions (approximately 200 to 300 bp upstream the start site of translation) were amplified by PCR from chromosomal DNA of strain 34F2 using the oligonucleotide pairs shown in Table S1 of the supplemental material. The 5Ј oligonucleotide introduced either an EcoRI site or a KpnI site, while the 3Ј primer introduced a BamHI site. The fragments obtained were cloned in pHT315 digested with KpnI and BamHI or EcoRI and BamHI.
The lacZ transcriptional fusion constructs were generated in pJM115 and pTCVlac as follows. The region upstream of BA0046 (extending 268 bp upstream from the starting codon) was amplified with oligonucleotide primers BA00465ЈKpn and BA00463ЈBam2, and the fragment was digested with BamHI and cloned in the vectors digested with SmaI and BamHI. The BA1877 promoter (extending 328 bp upstream of the starting codon) was amplified with oligonucleotide primers BA18775ЈEcoRI and BA18773ЈBam2 and cloned in EcoRIBamHI-digested vectors. The BAYisI fragment (extending 203 bp upstream from the starting codon) obtained with oligonucleotide primers BAYisI5ЈEco and BAYisI3ЈBam was digested with EcoRI and XmnI (this restriction site naturally occurs within the gene), and the fragment was cloned in the vectors digested with EcoRI and SmaI. The BA2416 promoter region (extending 186 bp upstream of the starting codon) was generated by EcoRI digestion of plasmid pHT315-2416 (the EcoRI site at the 5Ј end originated from the vector multiple cloning site, while the EcoRI at the 3Ј end was naturally occurring within the BA2416 coding sequence), and it was cloned in the EcoRI-digested vectors. These fragments are schematically represented in Fig. 1B .
To generate the BA0046-lacZ fusion plasmid for isotopic integration, a KpnINsiI fragment of approximately 4 kb containing the BA0046 putative promoter region and the entire lacZ gene was recovered from plasmid pJM115-0046 and cloned in pORI-Cm (6) digested with KpnI and PstI. The resulting plasmid was introduced into strain 34F2 by electroporation. The plasmid was forced to integrate into the chromosome at the BA0046 locus by growing the cells at nonpermissive temperature (37°C). The correct integration by single crossover was checked by diagnostic PCR.
The BAYisI translational fusions to the lacZ gene of E. coli were first constructed in plasmid pJM115 by cloning the EcoRI-SalI-digested fragments generated by PCR amplification using oligonucleotide primers BAYisI5ЈEco and BaYisI3ЈSal1 or BAYisI3ЈSal2 in the EcoRI-SalI-digested vector. Because of the presence of two SalI sites in pTCVlac, the fragments were then recovered as EcoRI-SacI (the latter naturally occurring in the lacZ gene) and recloned in EcoRI-SacI-digested pTCVlac.
A markerless deletion of BA1877 was obtained by the method of Janes and Stibits (15) using the temperature-sensitive plasmid pORI-Cm (6) modified to contain the I-SceI homing endonuclease recognition site. Two regions flanking the BA1877 gene were amplified by PCR using oligonucleotides BA18775ЈSacII-BA18773ЈSalI and BA18775ЈSalI-BA18773ЈXho and sequentially cloned in the pORI-Cm-SceI vector. The plasmid was introduced by electroporation in strain 34F2, and the protocol of Janes and Stibits (15) was followed to generate the markerless gene deletion. Diagnostic PCR was carried out to ensure that the entire coding sequence had been correctly deleted. Attempts to generate a similar markerless or a marker replacement construct for the deletion of the BA2416 gene consistently resulted in the loss of antibiotic resistance expression in B. anthracis, thus hampering our efforts to obtain a deletion mutant. Fidelity of all PCR amplifications and fragment orientation were checked by DNA sequence analysis, and this confirmed the presence of the frameshift mutation in the BAYisI gene of strain 34F2.
Protein expression and purification. The coding sequence of each B. anthracis Spo0E-like protein was amplified by PCR using oligonucleotide primers that introduced an NdeI or NheI site at the 5Ј end and a BamHI site at the 3Ј end (see Table S1 in the supplemental material). After digestion with NdeI and BamHI or NheI and BamHI, the fragments were cloned in a similarly digested pET28 vector (Novagen), generating a fusion to six-histidine codons at the 5Ј end of the genes. The plasmids obtained were transformed in E. coli BL21(DE3), and protein expression was obtained by growing the cells in LB broth in the presence of kanamycin. Expression was induced with isopropyl-␤-d-thiogalactopyranoside at 1 mM and an optical density at 600 nm of 0.7, and growth was continued for approximately 3 h. Due to solubility problems, the proteins were purified under denaturing conditions using a buffer containing 50 mM Tris-HCl pH 8.0, 100 mM KCl, 1 mM ␤-mercaptoethanol, 5 mM imidazole, and 7 M urea. After binding to a Ni-nitrilotriacetic acid-agarose column (QIAGEN), proteins were eluted using the same buffer with 50 mM imidazole. The eluate was dialyzed in buffer containing a sequentially lower molarity of urea (6, 5, 4, 3 , and 1.5 M); the proteins were then concentrated and stored at Ϫ20°C in a buffer containing 50 mM Tris-HCl pH 8.0, 100 mM KCl, 1 mM dithiothreitol, 1.5 M urea, and 20% glycerol. The presence of urea was necessary to maintain the proteins in solution.
In vitro assays. Phosphorylation and dephosphorylation reactions were carried out essentially as previously described (5, 33) . The reactions were initiated by the addition of [␥- 32 P]ATP (specific activity, 6,000 Ci/mmol), and aliquots were taken at the time points indicated in the figures.
Sporulation assays. Strains were grown in SM liquid medium at 37°C for the times indicated in the tables in the presence of erythromycin and lincomycin. Serial dilutions were plated in duplicate before and after treatment with chloroform (10% [vol/vol] ). The percentage of sporulation was calculated as the ratio between viable counts (before CHCl 3 treatment) and spore counts (after CHCl 3 treatment).
␤-Galactosidase assay. Cultures for transcriptional and translational assays were grown in SM liquid medium. Kanamycin was added for the B. anthracis cultures carrying pTCVlac derivatives. Duplicate samples were collected at hourly intervals. ␤-Galactosidase activity determinations in B. subtilis samples were carried out essentially as described elsewhere (10, 24) . The B. anthracis samples were treated with lysozyme for 1 h at 37°C, and Triton was used at a 5% final concentration. The data shown are representative of at least two independent experiments.
RESULTS

Identification of B. anthracis Spo0E-like proteins.
The Spo0E protein of B. subtilis (35) was used as query in a BLAST search (tblastn) against the first available B. anthracis genome (A2012). Four genes were identified as encoding putative Spo0E-like proteins based on two main criteria: (i) protein size ranging between 40 and 90 amino acids (aa), and (ii) the presence of the Spo0E signature sequence, SQELD (31) . Two genes were annotated as Bant0046 and Bant1877. A third gene was not identified in strain A2012 but was annotated as BA2416 when the genome of the Ames strain became available. The fourth gene is still not annotated in any of the available B. anthracis genomes because of a base pair deletion that results in a frameshift of the corresponding open reading frame. If the frame were to be corrected, the gene product would be most similar to B. subtilis YisI (33% identity); we called this gene and its product BAYisI. A summary of the gene names used in this study and in the most commonly used B. anthracis strains is reported in Table 1 , and their amino acid alignment is shown in Fig. 1A .
The BA1877 and BAYisI genes appear to be monocistronic because they are preceded by a gene divergently transcribed and they are followed by a strong stem-loop structure potentially acting as a transcriptional terminator. The BA2416 gene is followed by a strong potential terminator, but its initial codon is located 157 bp downstream from the stop codon of a hypothetical protein with no similarity with proteins of known function. The BA1877, BAYisI, and BA2416 genes are preceded by plausible ribosome binding sites. The BA0046 locus is less defined, as it could have a 51-codon extension at the amino-terminal end. Neither start codon seems to be preceded by a plausible ribosome binding site, raising the possibility that, if transcribed, this gene may not be translated. Between the two possible starting codons, there is a sequence that can form a strong stem-loop structure with an energy of Ϫ16 Kcal/mol; this structure may act as a terminator of transcription and prevent readthrough from an upstream promoter. No possible stem-loop structure was detected at the 3Ј end of the gene, which is 55 bp upstream from the start site of the downstream gene. A schematic representation of the chromosomal regions carrying the Spo0E-encoding genes is given in Fig. 1B .
A fifth gene annotated as BA1655 in the genome of the Ames strain (NC_003997) encoding a Spo0E-like protein with a divergent signature motif (SRDLD) has been functionally and structurally characterized by Grenha et al. (11) .
In vivo analysis of B. anthracis Spo0E-like proteins. In order to determine whether the products of the Spo0E-like proteinencoding genes identified in B. anthracis could affect the pathway of sporulation initiation, the four spo0E-like loci were PCR amplified from B. anthracis Sterne strain 34F2 using the oligonucleotide primers listed in Table S1 (see the supplemental material) and cloned in the multicopy shuttle vector pHT315. Overexpression of a negative regulator of sporulation from a multicopy vector generally results in inhibition of sporulation, as previously shown by studies on Rap and Spo0E phosphatases of B. subtilis (16, 31) . The resulting plasmids were transformed into B. subtilis wild-type strain JH642 and, after passage through the dam E. coli strain SCS110, electroporated into B. anthracis 34F2. The phenotype of the transformants obtained was analyzed on Schaeffer's sporulation agar medium and compared to the parental strain carrying the vector alone. As shown in Fig. 2A , expression of BA1877 strongly inhibited sporulation of B. anthracis and some inhibition was also observed with the expression of BA2416, while no effect was seen in the strains expressing BA0046 and BAYisI. When the same plasmids were transformed in B. subtilis wild-type strain JH642, sporulation inhibition was observed only by the overexpression of BA1877 protein (Fig. 2B) . A quantitative analysis of the sporulation efficiency of the strains constructed was also carried out in Schaeffer's liquid medium ( Table 2 ). The results indicated that BA1877 expression is the most drastic in inhibiting sporulation, even in liquid cultures in both organisms, while none of the other Spo0E-like proteins significantly affected sporulation efficiency in liquid. The inhibition of sporulation by overexpression of BA1877 was comparable to that observed with the YisI protein of B. subtilis (31) . BA2416, which visibly affected sporulation under solid growth conditions, did not significantly affect the efficiency of spore formation in liquid culture, suggesting that perhaps different transcriptional regulatory mechanisms exist between the two modes of cell growth. Deletion of genes encoding negative regulators of sporulation and Spo0E-like proteins, in particular, generally results in subtle phenotypes that are not necessarily quantifiable (31) . Nevertheless, we generated a markerless deletion of the BA1877 gene in strain 34F2 and analyzed the phenotype of the resultant mutant strain on sporulation agar plates and liquid medium. On a solid surface, the B. anthracis 34F2⌬BA1877 strain did not differ from the parental 34F2 strain after 24 h of growth at 37°C. However, after 48 h, structures resembling papillae were detectable in the BA1877 deletion strain but not in the parental strain ( Fig. 3A and B) . The formation of papillae containing a sporulation-deficient revertant of hypersporulating B. subtilis strains was previously described as the phenotype of strains containing a deletion of the aspartyl phosphate phosphatase genes rapA and spo0E or expressing Spo0A hyperactive mutants (sof) (34, 36, 41) . Microscopically, we could detect phase-bright spores in liquid cultures of the deletion strain 34F2⌬BA1877 after 9 h of growth, while 11 h were necessary for the spores to become apparent in the parental culture ( Fig. 3C and D) . Due to the persistence of long chains of cells even after spore formation at early growth times, an accurate quantitation of the early sporulation phenomenon could not be obtained. By the time the chains of cells broke into single cells, the efficiency of sporulation of the parental and mutant strains was essentially undistinguishable.
These observations in solid and liquid media suggested that the deletion of the BA1877 gene causes the sporulation process to initiate earlier than in the parental strain. This is consistent with the BA1877 protein being a negative regulator of sporulation.
In vitro analysis of B. anthracis Spo0E-like proteins. In order to determine whether the products of the four genes were all capable of dephosphorylating the Spo0A response regulator, in vitro assays were carried out using purified components. The four coding sequences of the B. anthracis Spo0E-like genes were PCR amplified from strain 34F2 and cloned in the E. coli expression vector pET28 (Novagen) in order to create a fusion to six-histidine codons at the N-terminal end. All four proteins formed inclusion bodies and therefore were purified using nickel-nitrilotriacetic acid-agarose columns (QIAGEN) under denaturing conditions. After being renatured, the proteins were assayed in a phosphorelay dephosphorylation reaction using the KinA, Spo0F, Spo0B, and Spo0A proteins of B. subtilis. Note that, despite the presence of a frameshift mutation, the E. coli strain carrying the pET28-BaYisI plasmid expressed a protein whose molecular mass was approximately 9,200 Da as determined by denaturing gel analysis and matrixassisted laser desorption ionization-time of flight mass spectrometry (see Fig. S1 in the supplemental material), in good agreement with the theoretical molecular mass deduced from 
in a level of opacity of the streak that is associated with the efficiency of spore formation. The more opaque the streak is, the whiter it appears in a black-and-white picture. Sporulation-deficient, and thus transparent, streaks, as in sector 5 in panel A and sector 2 in panel B, have a gray appearance. Strains were streaked on SM plates and incubated at 37°C for 48 h. the amino acid sequence if the frame were corrected for the base pair deletion. This indicated that the frameshift mutation had been translationally repaired in E. coli and a full-length protein of the expected size was produced (45) , despite the persistence of the mutation in the nucleotide sequence of the clone.
The results of the in vitro assay, shown in Fig. 4 , indicated that upon addition of the Spo0E proteins, the phosphorylation level of each component of the pathway decreased, suggesting that all four proteins were active. Full dephosphorylation of the system is rarely achieved in in vitro assays, possibly because conformational differences in the purified proteins may result in forms more resistant to dephosphorylation than others. Nevertheless, all four proteins were capable of dephosphorylating the phosphorelay, and the reaction rates observed were relatively fast as dephosphorylation occurred already within the time frame of the zero time value. Since in an assay mixture containing only KinA and Spo0F no dephosphorylation was observed upon addition of the Spo0E-like proteins (see Fig. S2 in the supplemental material), by extrapolation from the genetic and biochemical evidence so far accumulated on the Spo0E family of proteins, we concluded that the four B. anthracis members of the Spo0E family all acted by dephosphorylating the Spo0A protein. The activity of BA1877 was approximately two-to threefold stronger than the activity of the other three proteins (see Fig. S3 in the supplemental material), but because of the purification of the proteins under denaturing conditions we did not further analyze the kinetics of the reactions. Nevertheless, this result is in agreement with the in vivo data, which indicated that BA1877 was more active than BA0046, BA2416, and BAYisI. Transcriptional and translational analyses. In order to determine whether the different effects, or lack thereof, observed in vivo were due to differences in the transcriptional level of each gene, a fragment presumably containing the promoter regions of the four B. anthracis spo0E-like genes was cloned in front of the promoterless E. coli lacZ gene in the transcriptional fusion vectors pJM115 and pTCVlac (Fig. 1B) . The pJM115 derivatives were transformed in Bacillus subtilis JH642, selecting for kanamycin resistance, and integrated by double crossover at the amyE region. The pTCV lac derivatives were introduced by electroporation into strain 34F2, selecting for kanamycin resistance. Transcriptional analysis was carried out by means of ␤-galactosidase assays in Schaeffer's sporulation medium. The results shown in Fig. 5A indicated that in B. anthracis the BA2416 gene was transcribed at the highest levels, compared to the other genes, and throughout vegetative growth and sporulation, while BA1877 and BAYisI were induced 1 hour before or around the transition from vegetative growth to stationary phase (T 0 ), respectively.
The promoter of BA0046 was inactive, at least under the growth conditions tested, as it never exceeded the level of activity detected in the control strain carrying a promoterless vector, pTCVlac. In order to test the possibility that BA0046 could be part of an operon and therefore its transcription could depend on a promoter located upstream the region cloned in the pTCVlac vector, we subcloned the fragment and the lacZ gene from the transcriptional fusion vector in the temperature-sensitive replicative vector pORI-Cm (6). The resulting plasmid was electroporated into B. anthracis strain 34F2 and integrated isotopically via a single crossover event by growing the cells at a nonpermissive temperature (37°C) (see Materials and Methods). Analysis of ␤-galactosidase production did not detect any transcriptional activity reading through from upstream sequences, confirming that, at least under the assay conditions used in this study, the BA0046 gene was not transcribed (data not shown).
In B. subtilis (Fig. 5B ) the BA1877 promoter was the most active and, as in B. anthracis, the transcription was strongly induced approximately 1 hour before the transition phase. The promoter of BAYisI was also induced at approximately the same time but at a lower level, while the BA2416 promoter was expressed throughout growth, with the highest level reached at T 0 . BA0046 was transcribed at a low level in vegetative phase but by transition phase its transcription was essentially at the background level, suggesting that a vegetative promoter active only in B. subtilis was present in the fragment used for this analysis. The results helped to explain why, despite the fact that all four Spo0E-like proteins were active in vitro, only BA1877 suppressed sporulation in vivo in liquid cultures. BA0046 did not appear to be transcribed, at least under the assay conditions used in this study, consistent with a lack of phenotype; BA2416 was weakly active in vitro, and it may also be weakly active in vivo since its level of expression was higher than BA1877 in B. anthracis but its inhibition of sporulation in vivo was less dramatic. In B. subtilis, BA2416 did not cause a sporulation-deficient phenotype, consistent with a lower level of expression compared to the BA1877 gene.
BAYisI was transcriptionally regulated in a manner similar to BA1877; however, it was inactive in vivo, presumably because of a frameshift mutation in the sequence that results in a truncated protein. Since significant translational frameshift repair was found to occur when BAYisI was expressed in E. coli, allowing us to purify the full-length protein, we analyzed the possibility of a similar repair occurring in B. anthracis by means of a translational lacZ fusion constructed as described in Materials and Methods. The results shown in Fig. S4 of the supplemental material suggested that some translational frameshift repair occurred even in B. anthracis but it did not result in a sufficient level of protein to generate a visible sporulation phenotype. Accordingly, we were not able to detect the full-length BAYisI protein when overexpressed from the pHT315 vector with a His tag at the carboxy-terminal end that provided the epitope for Western blot analysis (data not shown).
DISCUSSION
In this study we have characterized the Spo0E family of phosphatases in the anthrax-causing organism B. anthracis. In in vivo studies we showed that of the four genes encoding Spo0E-like proteins, two, BA1877 and BA2416, were expressed to produce proteins active in inhibiting the sporulation process; BA0046 was not transcribed under the assay conditions used in this study, but it could potentially produce a Spo0A-like targeting protein. A fourth gene, BAYisI, was found to contain a frameshift mutation and therefore did not produce an active protein. Nevertheless, in vitro studies showed that all four proteins were able to dephosphorylate the Spo0A response regulator of the sporulation phosphorelay. Extensive translational frameshift repair was observed in E. coli for the BAYisI gene, which allowed us to purify and test a full-length protein in vitro. Although the differential level of activity observed among the four proteins could be a result of the purification procedures, we cannot exclude that in vivo the proteins may actually have different affinities for Spo0AϳP.
The B. anthracis members of the Spo0E family of phosphatases were identified based on the sizes of the proteins and the presence of the Spo0E signature motif, SQELD, which is generally preceded by a hydrophobic residue 2 amino acids upstream of the serine residue and followed by two hydrophobic residues located 1 amino acid downstream of the aspartate residue (31) .
A fifth gene (BA1655) encoding a Spo0E-like protein active in dephosphorylating Spo0AϳP in vitro and preventing sporulation when overexpressed from the pHT315 multicopy vector in vivo is also present on the chromosome of B. anthracis, and its characterization has been reported by Grenha et al. (11) . BA1655 contains a slightly divergent signature motif (SRDLD), indicating that variations may exist within the Spo0E family of proteins without affecting the specificity for target recognition.
Pair score analysis indicated that the B. anthracis Spo0E proteins characterized in this study share between 21% (BA1877) and 32% (BA0046) identical residues with the B. subtilis Spo0E protein. Among each other, the B. anthracis proteins share between 25 and 51% identical residues, with the highest score being between BA0046 and BA2416, clearly indicative of a relatively recent gene duplication event. Noticeable in the alignment in Fig. 1A is the length of BA1877 (93 aa), which resembles the length of the B. subtilis Spo0E (85 aa) whose carboxy-terminal 25 amino acids are known to be inhibitory to its phosphatase activity (29) . Whether a similar Cterminal inhibitory effect exists on BA1877 remains to be determined. Interestingly, the gene immediately downstream of the BA1877 gene is annotated as a homologue of the B. subtilis kinD sporulation histidine kinase (BA1878 in strain A2012 and BAS1351 in strain Sterne). This is reminiscent of the chromosomal localization of the B. subtilis spo0E gene immediately upstream of kinD. BAS1351 was indeed inferred to have a role in B. anthracis sporulation for its ability to prevent sporulation in wild-type B. subtilis when expressed from a multicopy plasmid, a phenotype due to the ability of the kinase to act as a phosphatase when overproduced in the absence of activating signals (6) . The other three proteins (BA0046 [56 aa], BA2416 [49 aa], and BAYisI [potentially 59 aa]) resemble in size the YisI and YnzD proteins of B. subtilis (56 and 57 aa, respectively), with identities ranging between 28 and 37%. The contention that the BAYisI gene is the homologue of B. subtilis yisI is supported by the observation that the two genes are located in the same region of the chromosome in both organisms and they are both followed by the gerP germination operon, while the unknown yisK gene is divergently transcribed upstream of them (Fig. 1B) . The chromosomal location of BA1655, BA0046, and BA2416 is not conserved with the ynzD gene of B. subtilis, indicating that they are unique to the B. anthracis species.
When expressed from a multicopy vector, the most active protein at dephosphorylation in vitro, BA1877, was also the most active in vivo in inhibiting sporulation in both B. anthracis and B. subtilis. Although expressed at the highest level in B. anthracis, BA2416 was only moderately active in inhibiting sporulation in B. anthracis and inactive in B. subtilis. The results are consistent with a weak activity in vitro of the purified protein. BA0046 and BAYisI did not affect sporulation in vivo, consistent with the absence of gene transcription and the frameshifted open reading frame, respectively. Consistent with the inhibitory effect observed upon overexpression of BA1877, the chromosomal deletion of its encoding gene resulted in an early sporulation phenotype that readily segregated sporulation-deficient revertants visible in the form of papillae when cells were grown in solid medium. The formation of Spo Ϫ -containing papillae was previously described as a phenotype of deletions in the rapA and spo0E genes of B. subtilis which, like BA1877, encode negative regulators of sporulation, and in sof mutants expressing hyperactive Spo0A mutant proteins (34, 36, 41) . Thus, in B. anthracis as in B. subtilis, the timing of sporulation initiation must be precisely regulated, and any mutation that may affect it, such as the deletion of the Spo0E-likeencoding gene BA1877, results in a deleterious effect that the cell tries to overcome by reverting into vegetative growth.
The initiation of sporulation is a critical phase in the life cycle of sporulating bacteria. In bacilli, a complex signal transduction pathway, called phosphorelay, works to integrate a myriad of signals that the cell receives from the environment as well as its own metabolism to ensure that the decision to sporulate or to remain in vegetative growth is appropriate for survival of the bacterium. Aspartyl phosphate phosphatases of the Rap or Spo0E families modulate the phosphorylation level of the phosphorelay to ensure that initiation of sporulation does not occur at inappropriate times. Each member of the Rap and Spo0E family of phosphatases of B. subtilis has been found to be transcriptionally regulated by physiological conditions antagonistic to sporulation, such as growth or competence to DNA transformation (28, 31, 34) . Typical among the members of the Rap and Spo0E families of proteins are a variety of transcription patterns indicative of differential regulatory controls. This seemed to be the case for the Spo0E proteins of B. anthracis, although one gene (BA0046) was not transcribed, at least under the assay conditions used in this study. A certain correlation was observed in transcriptional patterns between B. anthracis and B. subtilis, although the lower level of BA2416 observed in B. subtilis compared to B. anthracis and with respect to the transcription level of BA1877 suggests that different transcriptional controls exist in these two organisms. Further studies will be necessary in order to unravel these transcriptional control systems and establish whether they have any relevance to the pathogenesis of B. anthracis.
The transition phase, defined as the growth phase between vegetative growth and stationary phase, is a critical time in a bacterium life cycle. For a number of spore-forming bacteria, the transition phase is characterized by the production of secondary metabolites, virulence factors, and toxins. The key reg- VOL. 189, 2007 BACILLUS ANTHRACIS Spo0E PHOSPHATASES 2643
on October 1, 2017 by guest http://jb.asm.org/ ulator of this phase is the Spo0A response regulator. One of the genes repressed by Spo0A at the beginning of the transition phase is abrB, whose gene product generally acts as a preventer of stationary-phase gene product expression (43, 44) . Repression of abrB by Spo0AϳP is required for production of peptide antibiotics in B. subtilis and Bacillus brevis and proteases in B. subtilis (9, 22, 23) . Directly or indirectly, Spo0A is required for crystal toxin production in Bacillus thuringiensis and Bacillus sphaericus, the enterotoxin of Clostridium perfringens, or the production of solvent in Clostridium acetobutylicum (8, 12, 14, 21) . Recently, the role of Spo0A in repressing abrB transcription was found to be a requirement for full expression of toxin genes in B. anthracis (39) . Thus, it has become even more clear how important it is for cell survival and pathogenicity to precisely regulate the level of Spo0AϳP so that secondary metabolites and toxins are produced only at the appropriate time. In B. anthracis, as in B. subtilis, the Spo0E-like proteins are probably the last checkpoint on the phosphorelay to ensure the appropriate timing of toxin production or sporulation. Furthermore, during an infection, the Spo0E-like proteins may contribute to maintain the level of Spo0AϳP such that abrB is repressed, and thus toxins are produced, but sporulation does not progress further. We have recently proposed that such a scenario may occur in B. anthracis cells within an infected body by hypothesizing a mechanism for pathogenesisinduced prevention of sporulation (6) . Formation of a spore is a dead-end pathway that does not contribute to infection, and macrophages have the ability to phagocytose and destroy germinating spores while toxin-producing encapsulated bacteria escape this defense mechanism (26) . Weak or inhibited sporulation histidine sensor kinases together with a pXO1 plasmidencoded Rap phosphatase have been shown to prevent spore formation and affect the level of AbrB in the cell (5, 6). The Spo0E-like proteins identified in this study may provide an additional level of control to ensure that spores are not formed while an infection is in full development. The differential levels of expression observed in our transcriptional studies in batch cultures are suggestive of differential regulatory mechanisms that can modulate the timing and level of gene expression under different growth conditions and perhaps during an active infection.
